ABSTRACT A major concern in implementing white-space technology in a television broadcasting system is the ability of the system to provide information about the vacant channels while guaranteeing protection to its primary users. Moreover, in the developing countries, the allocation of television broadcasting channels is not as good as that in the developed countries. Therefore, there is a high possibility of overlaps between the digital television terrestrial coverage areas and white-space areas. Herein, we propose a method involving the use of four zones-prohibited, strict, moderate, and loose (PSML)-to model the television white-space system. We use a television coverage area that has less than 70% location probability to accommodate the possibility of overlaps between the white space and the protection areas. We also propose a protection ratio value to complement the standard given by the Federal Communications Committee (FCC) for countries implementing the digital video broadcasting system (DVB-T2). We conduct a test to analyze the implementation of the proposed PSML method in Bali Island, Indonesia. The results show that our model can provide more white-space channels than the models proposed by Villardi and the FCC when applied to transition areas between urban and rural regions.
I. INTRODUCTION
The development of telecommunication infrastructure in rural areas, especially in the developing countries, has its own challenges [1] . Therefore, it is desirable to provide a low-cost and easy-to-implement communication technology in rural areas [2] . The television white space (TVWS) is one of the preferable technologies to provide communication in rural areas as it is cheap and simple to implement. In particular, it does not require a dedicated spectrum allocation; therefore, the operational cost with respect to the spectrum license fee is not required [3] , [4] . The TVWS technology involves the use of vacant spectrum owned by primary users for other purposes such as Internet services. The research on TVWS has become popular ever since the Federal Communications Committee (FCC) and Electronic Communications Committee (ECC) opened up opportunities to use white-space channels in 2011 [5] . FCC and ECC use geolocation technique with different approaches to determine the available white-space channels. This technique predicts the transmitter coverage area using the geospatial coordinates, the terrain information, and a propagation model [6] .
FCC uses the term ''no-talk region'' to specify the areas where white-space devices (WSDs) are not allowed to operate [5] , [7] . ECC considers the geographical areas within the TV coverage as a protected area where WSDs are still allowed to operate but with specific power constraints [8] - [10] . In our previous research [3] , we found that the FCC model had better performance than the ECC model in providing whitespace spectrum channels. In addition, as far as the WSDs were located outside the no-talk region, they were allowed to operate with a maximum equivalent isotropically radiated power (EIRP) of 4 W. We note that the ECC model guaranteed higher protection against interference. Even though the WSDs were located outside the digital television terrestrial (DTT) coverage area, they had to be considered in the interference calculation process. On the other hand, the FCC model is more suitable to be implemented in large geographical areas where the number of incumbent transmitters is not too large. Based on the geographical conditions, the FCC standard seems to be more suitable to be implemented in the developing countries, such as Indonesia.
Furthermore, FCC and ECC standards use the protection ratio (PR) values to provide protection to the primary users. PR refers to the field-strength ratio of the primary system to the secondary system at the receiver. PR helps to maintain or achieve the minimum value of the carrier-to-interference (C/I) ratio [11] . In the digital video broadcasting (DVB) blue book [12] , the European Telecommunications Standards Institute (ETSI) has specified the minimum value of the signal-to-noise (C/N) ratio required to be fulfilled by the second-generation terrestrial system DVB-T2. When there is no interference, the value of C/I is equal to that of C/N. With or without an interferer, if the ratio between the power of the desired signal (C) and that of the unwanted signal or noise (N + I) is below an absolute limit, the receiver can effectively receive information provided that the C/N limit is achieved. In practice, we use the field strength, measured in dBuV/m, to calculate the coverage area of the DTT transmitter. The value of the field strength is influenced by the propagation, transmitter antenna gain, and noise. The magnitude of the field strength in the receiver varies according to the geographical conditions [12] . Therefore, the PR should be able to accommodate these variations.
A. RELATED WORK 1) NO-TALK REGION
In [13] , Van de Beek used a no-talk region and the whitespace availability proposed by the FCC as a binary label to indicate the spectrum hole availability in certain locations. The indicator was equal to 0 if the WSD operates inside the no-talk region, and it was 1 if the WSD operates outside the no-talk region. This model has been implemented well in the European countries. However, in developing countries, TV transmitters are not usually distributed well so that the number of white-space channels can be potentially degraded. Therefore, it is essential for the DTT protection contour to have the ability to accommodate the intersection between the protection contours.
In [14] , Villardi proposed to combine the ECC standard with the FCC standard, which resulted in a significant increase in the number of the white-space channels, compared with those in the original FCC model. The model enabled the WSDs to operate inside the additional protection distance with a specific transmission power limitation to maintain the interference threshold. Moreover, Villardi used the modified Hata model and the field-strength curve to predict the signal propagation from the transmitter to the receiver for both DTT and WSDs [13] .
In [15], Almeida introduced a variation in location probability to improve the ECC model. The model proposed that the DTT coverage area could have different levels of location probability in the same protected area. The probability would decrease if the WSD distance from the base station increased. By using multilevel location probabilities, the maximum limit of the WSD power also varied according to the transmission power threshold. Therefore, the white-space probability could be increased. Even though the FCC model has been improved subsequently, we need to further develop the algorithm to provide better availability for white-space channels. The higher the white-space channel availability, the better is the benefit to the society.
2) PR
There have been several PR standards for DTT proposed by government agencies and researchers. The International Telecommunication Union Radio Communication Sector (ITU-R) has recommended the PR value for DVB-T2 that was interfered by DVB-T2 and LTE [14] . OFCOM [10] and Vlad [15] also recommended that the PR value for DVB-T/T2 interfered by WSDs should be measured at the input receiver. FCC gives protection in the form of a separation distance for white-space transmitters for general DTT systems interfered by WSDs [7] .
However, the PR proposed by the FCC is based on the general DTT system. We also note that there are three DTT standards commonly used globally: ATSC [16] , [17] , DVB-T/T2 [18] , [19] , and ISDB-T [20] . Each standard exhibits different specifications [21] which affect the resistance against noise and interference. Moreover, FCC follows the assumption that the intruder signal comes from the DTT, rather than the white-space system. The masking limit of the white-space system is different from that of the DTT system, which affects the amount of the received signal strength (iRSS) of the interferer at the receiver location. It is obvious that PR value is determined by the value of iRSS. Therefore, the difference in the masking limit also affects the PR value so that it is necessary to set the DTT or white space parameters, such as sensitivity level, masking limit, and blocking mask, properly to produce a more accurate PR value. In other words, a specific PR value is needed for a certain DTT system to provide more accurate results.
B. CONTRIBUTIONS
According to OFCOM [10] , the DTT coverage is calculated based on the 70% location probability of the sites that requires signal values higher than the interference values [10] . The areas that have lower than 70% location probability are considered to be unprotected and can be used by secondary users. Using the ideas presented in [10] , [13] , and [22] , we modify the Van de Beek model [23] such that the white-space indicator is more flexible to accommodate the most cluttered areas. We divide the no-talk region area proposed by FCC into four zones: prohibited, strict, moderate, and loose (PSML). This model attempts to use the areas that according to FCC, are not to be used in the strict and moderate areas. This implies a change in the binary label algorithm proposed by Van de Beek, which ensured that the areas that previously exhibited that indicators equal to 0 should be used as a white space with a certain transmitting power limitation. VOLUME 6, 2018 Additionally, we calculate the PR value for DVB-T2 interfered by WSDs to protect the primary users using the Monte Carlo simulation method [24] . We use 256-QAM FEC 2/3, 32k, PP7 Extended DVB-T2 as the victim system and IEEE 802.22 [25] as the interfering signal in the simulation. Note that in this paper, we use the FCC PR standard because our proposed model attempts to provide PR based on the transmitted power ratio and not based on the received power ratio.
Simulation results show that our model provides higher white-space areas for secondary users than the original FCC model [7] , [23] , and Villardi model [26] . In addition, our study proves that our model is better than Villardi model in providing the availability of white channels when implemented in the transition area from the rural to the urban region.
The contributions of this paper can be summarized as follows:
• Our proposed PSML method opens more opportunities for the use of white-space channels by using the protection area and DTT coverage area having location probabilities below 70%.
• We conduct a simulation to determine the PR for DVB-T2 against IEEE 802.22. This PR is a complement of the PR published by the FCC. Moreover, the PR can be used by other countries for implementing TVWS with similar specifications.
• We compare the white-space areas and the channel availability performance of the proposed method by using the FCC and Villardi models.
• We conduct a case study of the proposed model with real DTT transmitters and geographical data. The rest of the paper is organized as follows. In Section II, we explain the system parameter assumptions used in this paper. In Section III, we describe our PSML method, which improves upon the latest model. In Section IV, we prove the superiority of our method over other methods. Finally, we conclude the paper in Section V.
II. PARAMETERS AND ASSUMPTIONS
We begin by providing an overview of the parameters and assumptions used in this paper. First, we show how to identify the available white-space areas. We adopt the method proposed by Van de Beek to implement the FCC rules for determining the no-talk region. We slightly modified the no-talk region algorithm by adding a field-strength parameter and a method to maintain the equilibrium point. Second, we describe how we calculate the spectrum hole in a particular location. Finally, we discuss the propagation model used in this paper.
A. AVAILABILITY FOR WHITE-SPACE AREAS
The no-talk region and white-space availability is defined by [13] 
where
In (1), A i nt (t) represents the no-talk region, where all WSDs at x are not allowed to operate if they are located in an area with radius less than or equal to the sum of DTT protection contour radius, d i p and the additional protection distance, d a . The additional distance d a is added to protect the DTT coverage area from interference [27] . The additional distance is the closest distance from the white-space transmitter to the edge of the DTT protection contour. Fig. 1 shows the relation between the protection contour and the additional protection distance. In Fig. 1 , white space area is the area outside the no-talk region. Furthermore, the protection distance proposed by FCC [7] represents the closest distance from the WSD transmitter to the DTT protection contour. The protection distance varies according to the antenna height as this distance is calculated based on the maximum WSD field strength measured at the DTT receiver and influenced by the signal propagation. This area was used by Villardi as white space by considering the power limit determined by the PR [26] . In Fig. 2 , the blue circle represents the DTT coverage area, and the green circle represents the WSD coverage area. They meet at the optimum condition where both circles have the tangent gradient g at point x 1 . The tangent gradients i and j indicate the possibilities of white-space availability degrading and interference increasing, respectively. Let m g1 be the tangent gradient of the blue circle and m g2 be the tangent gradient of the green circle. We can modify (2) to guarantee that the combination of both circles is in the optimum condition as follows:
For simplicity, we replace the notation d i p with R and the notation d a with r. The value of R is influenced by the 59530 VOLUME 6, 2018 FIGURE 2. Tangent gradient.
magnitude of E min in the DTT receiver, whereas the value of r is adjusted according to that of the permitted maximum field strength of WSD E maxWSD , which coincided with the DTT receiver. We also replace the notation P with E as it is common to use the field-strength parameters to find the DTT coverage area. The value of the PR between the co-channel and the adjacent channels is different so that we add notations f i and f 2 as the representation of channels used by DTT and WSD, respectively. The value of E min is derived based on the ITU-R recommendation as follows:
Here, ϕ min is the minimum probability density function (PDF) at the receiving area, which is equal to the minimum power at the input receiver reduced by the effective aperture antenna A e (in dBW/m 2 ). In other words, E min is the minimum field strength required by the receiver in the absence of interference. The relation between the received power P R (d) at distance d and the field strength E min is given by:
B. AVAILABILITY OF WHITE-SPACE CHANNELS
In our previous study [12] , we improved Van de Beek's [23] method to determine the number of white-space channels in a specific location by considering the field-strength parameter.
The number of white-space channels is given by
It can be seen that the number of white-space channels is obtained by summing all spectrum holes I in a specific location x at channel fi. The spectrum hole indicator is 0 (i.e., no white-space available) if the DTT field strength E i in the location x lies below the threshold γ i ; otherwise, the indicator is 1, as indicated in (1). The threshold γ i represents the minimum field strength. For the original FCC method, the amount of γ i is equal to the field-strength value at the distance R + r from the DTT transmitter. Then, the Villardi's method has the γ i value equal to E min .
C. PROPAGATION MODEL: ITU-R 1546-5
In this paper, we use the ITU-R 1546-5 propagation model, not the Hata propagation model used by Villardi [13] . This is because the ITU-R 1546-5 model provides a more accurate prediction than that provided by the Hata model for range less than 50 km [28] , [29] at which the WSDs operate. In addition, ITU-R 1546-5 is extensively used by government agencies around the world to facilitate coordination across international borders. The ITU-R 1546-5 propagation model was proposed by ITU to predict the point-to-area radio propagation for a terrestrial telecommunication system in the frequency range of 30-3000 MHz [30] . This method uses interpolation or extrapolation from the empirically derived field-strength curves. The parameters required to perform this calculation include antenna height, h (m), distance, d (Km), percentage of time, T%, types of land paths, P (land/sea), and frequency range, f (MHz).
The method for estimating the value of field strength, E, in dBµV/m at a distance of d is as follows [30] :
Equation (7) suggests that when we intend to determine the magnitude of E at a distance that is not specified in the field-strength curve, we can interpolate the magnitude between the upper (d sup ) and lower (d inf ) distances. By inputting d sup and d inf , we can find the values of E sup and E inf from the field-strength curve. Next, we substitute these parameters into (7) to obtain the magnitude of E at a distance d from the transmitter.
However, according to our previous study [31] , we should provide protection to the primary user by ensuring a separation distance between the primary and secondary users. Therefore, in this paper, we determine the distance from the transmitter to a particular location as the function of the magnitude field strength. We modify (7) as follows:
Consequently, if any parameter is not the same as the default, then the interpolation should be repeated for each parameter to determine the desired distance d desired . Note that d desired is the distance from the transmitter to a certain point having the desired parameters of E, h, f , P, and T%. In this study, we use land and 50% of the time for parameters P and T%, respectively. Eqs. (9) and (10) show the manner in which the distance from the transmitter to the point that has a particular field-strength value can be calculated when the f and h parameters are not equal to the defaults in the field-strength curve.
The five steps in the calculation of desired distance are as follows:
Step 1: Define the values of E, frequency (f ), percentage of time (T%), and land path (P).
Step 2: Find d by using (8) . The value of d is equal to d desired if f ∈ (100, 600, 2000) . Otherwise, proceed to Step 3.
Step 3: Repeat Step 2 for each value of f , and then interpolate by using (9) . The value of d is equal to d desired if h ∈ 10, 20, 37.5, 75, 150, 300, 600, 1200; otherwise, proceed to
Step 4.
Step 4: Repeat Steps 2 and 3 for each value of h, and then interpolate by using (10) . The value of d is equal to d desired if T % ∈ (1%, 10%, 50%); otherwise, proceed to Step 5.
Step 5: Repeat Steps 2-4 for each value of T%, and then interpolate. Finally, the value of d is equal to d desired .
Furthermore, a correction factor should be added to the value of E in Step 1 if the line-of-sight condition is not possible. The correction factor depends on the amount of terrain clearance angle θ tca , considering the effect of diffraction by nearby terrain obstacles [30] .
III. PROPOSED METHOD A. PSML METHOD
After obtaining the optimum combination between the DTT protection contour and white space coverage area as given in (3), the next problem is to find how far the WSD coverage can fit into the DTT coverage. We divide the no-talk region in Fig. 1 into four zones, as shown in Fig 3. The first zone is named the ''prohibited'' zone, where WSD is not allowed to operate, and this level represents the DTT coverage areas having location probabilities above 70%. The second zone is called the ''strict'' zone; at this level, we demonstrate the use of the area inside the protection contour having a location probability below 70%. The third zone is called the ''moderate'' zone. Moderate means that a part of the area allows WSD to transmit signals with maximum power (i.e., 4 W), while the rest of the areas do not allow this. The last zone is called the ''loose'' zone, where all WSD base stations are allowed to use their maximum transmit power. We call this method the PSML method.
Based on Fig. 3 , we can modify (1) as follows: Here, D is the radius of zone 1, R and r are the radii of the DTT protection contour and WSD coverage area, respectively. We can calculate D and R values by using the step-by-step process described in Section II and adjusting the field-strength value. For area within radius R, the fieldstrength value is equal to E min . We use the E med value to find the radius D. The E med value is equal to the E min value added by a correction factor Cr given by
where σ is the standard deviation of the random signal-tonoise ratio (SNRs) and Z is the random signal at the input receiver. This means that the Cr value is equal to the 70% probability of the random SNR values in the input receiver, which is equal to or greater than the specified threshold SNR. For 70% of the location probability, we obtain the normal distribution value Z from [32] , which is equal to 0.52. When we use a standard deviation of 5.5 dB for planning, as recommended by ITU-R [30] , the Cr value is 2.882. PR is considered in the calculation to determine the maximum field-strength value allowed for the WSD, E MaxWSD , at the edge of the DTT protection contour. As shown in (13), we use PR N f 1±n as the representation of PR.
The value of PR varies depending on the frequency used by the secondary user. Therefore, it will also create a difference in the value of the PR based on the frequency used. We consider N = {0, 1, 2} as the co-channel, the first adjacent channel, and the second adjacent channel, respectively. The area of the no-talk region that can be used as white-space area, A ws , is used as a parameter for the comparison of the proposed approach with the other two methods. As the FCC model does not allow WSD to operate in the no-talk region, the whitespace area based on the FCC method is zero. Meanwhile, the 59532 VOLUME 6, 2018 no-talk region that can be utilized as white space based on the Villardi method is equal to the protection distance areas as shown in (14) . In the PSML method, the radius of the prohibited zone is equal to D. Hence, the area of the no-talk region that can be used as white space is defined in (15). If an area with a location probability of less than 70% is equal to 30% of the total area of protection, then D = 0.548R. As D is less than R, the white-space area based on the PSML method will be higher than using Villardi's proposed model.
A WS PSML = π (R + r) Table 1 . In practice, the path loss PL(d) at a particular location is random and normally distributed because of the shadowing effect over several measurement locations [33] . In this case, the value representing the uncertainty can be predicted by using a statistical approach, such as the Monte Carlo method, which relies on repeated random sampling to obtain a specific value that represents an uncertain state [24] . In this study, we make the following settings (see Fig. 4 ):
1) The transmit power of DTT is set to P DTT = 60 dBm or 1000 W. 2) The white-space transmitter is located at 1 km from the victim DTT receiver.
3) The distance from the DTT transmitter to the DTT victim receiver was 1 km. 4) The height of the DTT transmitter is equal to that of the white-space transmitter, that is, h DTT = h WSD = 40 m. 5) The height of the DTT victim receiver is 10 m. 6) The white-space transmit power is adjusted to achieve less than 5% probability of interference. In this scenario, we attempt to find the minimum allowable ratio of P DTT to P WSD at the transmitter based on the random ratio of E DTT to E WSD at the receiver. The desired received signal strength (dRSS) and iRSS are the DTT and WSD received power at the input of the DTT receiver, respectively. The values of dRSS and iRSS are calculated based on the magnitude of the transmitting power reduced by the amount of path loss, as shown in (16) and (17) .
Meanwhile, G T and G R denote the representation of the antenna gain for transmitter and receiver, respectively, Att is the amount of attenuation that depends on the specification of the masking limit for each system. IEEE 802.22 has proposed the masking limit for WSD as shown in Fig. 5 . On the third memorandum opinion and order, FCC revised the attenuation from 55 dBc to 72,8 dBc to accommodate the difference measurement bandwidth [7] . We also assume that the magnitude of the white-space transmit power is normally distributed with 5.5 dB standard deviation because of the shadowing effect. PR is the ratio between FIGURE 5. WSD masking limit [34] . VOLUME 6, 2018 FIGURE 6. PDF and random event of generated signal.
P DTT and P WSD , where the probability of interference P r {Int} reaches 5%. The probability of interference is a condition in which the minimum C/I value is not achieved. We can express PR according to the following scenario:
We used a fixed WSD because such devices are appropriate for applications in rural areas, especially in developing countries. The Rician fading channel is considered a representation of fixed outdoor devices [19] .
IV. RESULTS AND DISCUSSION

A. PROTECTION RATIO
In this study, we perform a simulation to determine the PR for DVB-T2 when the IEEE 802.22 transmitter becomes an interferer. The simulation is performed on a fixed WSD for the scenario mentioned in Section III. The specific parameters used in the simulation are listed in Table 1 .
First, we calculate the dRSS and iRSS by using (16) and (17), respectively. To represent the fading effect due to shadowing, we generate 10,000 random values for each dRSS and iRSS with 5.5 dB standard deviation, as depicted in Fig. 6 . The scattered dots are the random values of dRSS and iRSS in one victim receiver. The green mark represents the DVB-T2 signal as the desired signal. The red and blue marks represent the interference signal as unwanted and blocking signals, respectively. The amount of interference signal is a summation of the unwanted and blocking iRSS. As depicted in Fig. 6 , the interference is significantly influenced by the unwanted signal for co-channel operations. While, for the adjacent channel, the interference signal is influenced by both the unwanted and blocking events. By using (18), we obtain the maximum transmit power of the white-space transmitter for each channel operation type. The maximum transmit power of the white-space transmitter is 34.3 dBm, 86.5 dBm, and 87 dBm for the co-channel, the first adjacent channel, and second adjacent channel, respectively. The PR value, which is equal to the amount of DTT transmit power, is subtracted from the maximum allowable power of the white-space transmitter. Using a DTT transmit power value of 60 dBm, we achieve a PR value for each channel operation as shown in Table 2 . In Table 2 , we compare our PR with those proposed by FCC [7] , [35] , OFCOM [36] , and Ministry of Internal Affairs and Communications (MIC) [26] . The f = {0, ±1, and ±2} represents the co-channel, the first adjacent channel, and the second adjacent channel, respectively. For the co-channel, either our proposed PR or the PR proposed by FCC and OFCOM uses C/I parameter. Meanwhile, MIC uses the noiseover-interference ratio, N/I, as the PR. Therefore, the result appears very different. If we convert the N/I value to the C/I domain with a C/N value equal to 18.1 dB, the MIC PR will be close to 28.5 dB.
Our proposed PR for the co-channel is 3 dB higher than the PR of FCC. This is because we include a 5.5 dB random signal variation in the calculation, which causes an addition of 2 dB in the margin on PR. Moreover, the masking limit value of the white space is 1 dBc higher than that of DTT. This produces an iRSS value that is 1 dB higher, which results in a higher PR value, that is 3 dB (2 dB + 1 dB) higher than the PR value of FCC. Although our PR value for the co-channel is higher than that of FCC, it is more accurate than the FCC proposal because we implement a specific DTT and WSD system.
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However, our PR value is far below the PR of OFCOM. OFCOM gives a higher PR than other standards for the WSDs operating in the co-channel. According to OFCOM [36] , the DTT receiver can operate at the time of interference on the co-channel in PR = 20 dB. OFCOM adds the minimum value of C/I with a 10 dB margin to prevent the degradation of the minimum C/I and added 3 dB to overcome the combined effect of the co-channel and adjacent channel interference [36] . The result is PR = 33 dB for the cochannel interference. High margin is required because the European Union (EU) does not apply the protection contour method. Several different systems can operate within the DTT coverage area. The EU restricts white-space users based on the maximum permissible transmit power that considers the magnitude of the protection value. We will now show how to convert our proposed PR into the distance domain to be implemented in our PSML method.
B. IMPLEMENTATION OF PROPOSED PR TO THE PSML METHOD
To implement the model proposed in (11), we first define the values of D, R, and r. By implementing (4) and using the parameters specified in Section III, we have E min = 43.59 dBµV/m. Then, by adding E min with Cr, we obtain E med = 46.48 dBµV/m. By using the step-by-step ITU-R 1546-5 method, we obtained the D and R values equal to 22.44 and 26.20 km, respectively.
Next, we obtain the magnitude of E max WSD 1 (f 1 ) = 17.59 dBµV/m and E max WSD 1 f 2,3 = 70.59 dBµV/m by reducing the E min with PR values. Finally, by using the step-by-step ITU-R 1546-5 method, we calculated the r 1 and r 2,3 values for each antenna height of the WSD transmitter. The results are summarized in Table 3 .
TABLE 3. Additional protection distance values (r ).
Furthermore, the values of D, R, and r show the boundaries of each zone in (11). In Fig. 7 , we show the no-talk region proposed by FCC, which can be used as a white space using the same channel as the primary user. In Figs. 7(a) and (b) , the line with the diamond mark is the no-talk region proposed by FCC, whereas the two straight horizontal lines below show the area of the no-talk region proposed by Villardi and the PSML model. The distance between the lines with the diamond mark and the straight horizontal lines increases with the antenna height, which indicates that an increasing number of areas are categorized as white space. Both Villardi model [26] and our model outperform the FCC model because they allow WSD to operate within the FCC's no-talk region. Villardi model uses additional protection distance with regard to the magnitude of the PR recommended by the MIC, whereas our model exploits both the additional protection distance and the DTT coverage area that have a location probability below 70%. Therefore, our model gives a white-space availability that is slightly higher than that given by the Villardi model. By implementing (14) and (15), the reduction in the no-talk region obtained by each method is compared in Fig. 7 . Our model has significant differences when compared with the Villardi model at the time of operation on the adjacent channel. On average, our model gives approximately 500 km 2 more in white-space area than the Villardi model.
The maximum transmit power for WSD in each zone is determined based on the magnitude of our proposed PR, as shown in Table 2 . The maximum WSD transmit power for each WSD base station height is shown in Fig. 8 . We set the upper threshold of the transmitted power to be 4 W, as recommended by the FCC. We use the customer premise equipment (CPE) sensitivity as the lower threshold. The WSD is required to operate within the boundaries. For the co-channel operation in Zone 2, where the strict mode is applied, all permitted transmit powers are below the maximum power. In Zone 3, where the moderate mode is applied, the WSD base station located more than 10 km from the edge of Zone 1 is allowed to use the maximum transmit power. In Zone 4, all WSD base stations are allowed to operate at the maximum allowable transmit power. However, for the WSDs operating in the adjacent channel, only the maximum power limit has to be considered in Zone 2. The WSD base stations located at a distance of more than 1 km from the edge of Zone 1 can use the maximum transmit power.
The simulation results show that the no-talk area proposed by FCC can still be used for white-space purposes. Fig. 8(a) shows that the maximum transmit power allowed is very limited, which is approximately 6.9 dBm and located about 3 km from the outermost edge of Zone 1. The area closest to the edge of Zone 1 has a maximum transmit power of −53.4 dBm. Although the permitted transmit power is very small, the area for the co-channel operations in Zone 2 has the potential to expand the reception area of the CPE. This condition is especially necessary for areas with high-density populations. Fig. 8(b) illustrates that the limit of the transmission power for white spaces tends to be looser than that shown in Fig. 8(a) . This indicates that the PSML model will show satisfactory performance when WSD uses an adjacent channel. White-space transmitters may be established and operated within the coverage area of the TV provided that they are within Zone 2, and refer to the upper limit of the maximum transmission power. In the next section, we describe our case study that implements our proposed model using the existing data transmitter in Bali Island.
C. CASE STUDY
In this section, we show the implementation result of our proposed model by using a real DTT transmitter and geographical data. We choose the Bali Island for the case study as Bali is a very densely populated island, especially in the southern area. However, it is surrounded by suburban and rural areas, which have the potential for the implementation of TV white spaces. Currently, Bali has 24 TV transmitters with 25 allocated channels (channels ∈ {28, 29, 30, . . . , 45}). In our calculations, we assume that all TV transmitters have already switched to digital transmission. The primary parameter used as the basis for comparison is the white-space channel availability. Models that provide more white-space channels will give superior results. We calculate the amount of channel availability by using (16) . To implement (16), we first define each threshold of each model. The magnitude of γ i is equal to those of E med and E min for the PSML and Villardi models, respectively. The γ i value for the FCC model is equal to the magnitude of the field strength at distance R+r from the DTT transmitter E (R+r) . By taking the value of r = 20.327 km (see Table 3 ), we have R + r = 46.527 km. Then, by using the ITU-R 1546-5 method (see Section II), we obtain E (R+r) = 30.55 dBµV/m. We implement the model by using the CHIRplus BC tool and the results are illustrated in Fig. 9 .
The color code in Fig. 9 represents the number of DTT channels that can be used by secondary users. As shown in Fig. 9 , most channels for white spaces are located in eastern, northern, and western Bali, whereas the availability of channels decreases in the central and south sides. The PSML model entirely outperforms the FCC model in many places in Bali, and is slightly better than the Villardi model, especially in the central side.
To quantize our model, we divide Bali into five regions, as shown in Fig. 10. Regions 1, 2 , and 3 are mostly rural areas. Region 4 represents a suburban area and is the transition area between the urban and rural areas. Region 5 represents the dense urban area, and has the largest population. The DTT transmitter placements are concentrated in region 5 and directly proportional to the population size. We search the availability of the white-space channels in each region by using (16) . In Fig. 11 , we compare the white-space channel availability by using the FCC, Villardi, and PSML models. Our proposed PSML method outperforms the original FCC model in all channels except for channel 44. This channel is located around regions 1 and 2, which have limited DTT transmitters. This result indicates that the performance of our model is comparable to that of the FCC model when implemented in the rural area. Moreover, our model is better than the other two models only in channels 29, 39, and 42. The DTT transmitters using these channels are located in region 4, which is packed with DTT transmitters. This result proves that the PSML method is more suitable for implementation in cluttered areas than the other two models, especially in the transition areas from the urban to the rural.
V. CONCLUSION
We have provided an overview of the standardizations and recent studies related to TVWS systems. To implement white-space systems, governments need to consider both the protection to the primary users and sufficient white-space channels. We also have proposed a method to overcome both concerns. First, we have proposed the PR for DVB-T2 against IEEE 802.22 to complement the FCC standard. FCC has proposed PRs for the general DTT system only. However, there are three primary DTT systems with different specifications. We have included a variation of 5.5 dB to accommodate the geographical changes that occur in the field. Regardless of the ratio of transmitting power (provided that it is below the PR values), we can say that the primary user is safe from the possibility of interference. Second, we have proposed the PSML method to open up more opportunities for white spaces. We have used the DTT coverage area that has a location probability below 70%. Moreover, we have implemented the method using DTT transmitters and geographical contours in Bali. The results show more availability of white-space channels compared with other methods. Our method has comparable performance to the original FCC model when applied to rural areas. Meanwhile, our algorithm is better than other models if implemented in transition areas between the urban and rural regions. We expect that our model can be used and further developed by other regulatory bodies for their respective countries. DADANG GUNAWAN (M'88-SM'08) received the bachelor's degree in electrical engineering from the University of Indonesia in 1983, the master's degree from Keio University, Japan, in 1989, and the Ph.D. degree from the University of Tasmania, Australia, in 1995. He is currently a Professor with the Department of Electrical Engineering, University of Indonesia, and the Deputy Rector of Indonesian Defence University. He has published hundreds of academic papers in international journals and proceedings, as a first author or a co-author. His interests are in wireless and signal processing technology. VOLUME 6, 2018 
